Homogenisation is known to improve the textural properties of bovine yoghurt but the potential 15 of this processing step has not been systematically explored for buffalo yoghurt. In this study, 16 buffalo milk was homogenised at 80 bar or 160 bar and the effect on the properties of buffalo 17 yoghurt examined. The microstructure of both buffalo yoghurt samples produced from 18 homogenised milk was significantly altered, forming a more interconnected protein network 19 with smaller embedded fat globules. These structural changes resulted in a significant decrease 20 in syneresis and hysteresis area and led to a considerable increase in the storage modulus, gel 21 firmness and flow behavior index. A higher homogenisation pressure of 160 bar resulted in a 22 lower gel firmness and storage modulus, possibly due to the presence of bigger fat-protein 23 clusters within the homogenised milk. These results suggest that a homogenisation pressure of 24 80 bar could be optimal for improving the quality of buffalo yoghurt. 25 26
Introduction 27
Yoghurt is a semi-solid food with a microstructure consisting of a protein network, in which fat 28 globules are integrated (Lucey & contributes to these properties, as the network is more porous and contains larger more 50 numerous fat globules due to the high concentration of fat in buffalo milk (Nguyen et al., 51 2014b) . 52
Lowering the fermentation temperature has been shown to reduce the syneresis of buffalo 53 yoghurt, but only to a limited extent (Nguyen, Ong, Kentish, & Gras, 2014a) . Other strategies 54 often employed in dairy processing to reduce syneresis are problematic; buffalo milk powders 55 are not readily available and stabilisers or thickeners can be perceived as detracting from a 56 natural product. Homogenisation may provide a simple unit operation to improve product 57 properties but there is limited information on the application of homogenisation to buffalo milk. 58
While a few studies report on selected properties of buffalo yoghurt made from homogenised 59 milk (Ghadge, 2008; Raju & Pal, 2009; Shiby & Mishra, 2008) , they do not provide 60 comparisons between homogenised and unhomogenised products and there is no systematic 61 study of the potential application of homogenisation and the optimisation of this process. The 62 homogenisation of bovine milk has been extensively studied but the significant differences 63 between buffalo milk and bovine milk such as fat content (7.3± 1.0 % w/w vs. 4.1 ± 0.4 % w/w) 64 and fat globule size (5.0 ± 0.1 m vs. 3.5 ± 0.2 m) (Ménard et al., 2010 ) could lead to different 65 yoghurt properties in response to homogenisation. As a result, the conditions for optimal 66 processing may differ for two types of milk. 67
In this study, we investigate the potential use of homogenisation of buffalo milk at either 80 bar 68 or 160 bar to reduce the syneresis and improve the rheological properties of buffalo yoghurt. 69
The effect of homogenisation on the microstructure of buffalo yoghurt is also examined. 70
Changes in the viscoelastic properties of the buffalo milk gel and the growth and viability of 71 probiotic bacteria during fermentation and cold storage are investigated to better understand how 72 homogenisation may be applied to buffalo yoghurt production. 73
Materials and methods 74

Yoghurt preparation 75
Raw buffalo milk was provided by a local dairy farm (Shaw River, Yambuk, Australia). Upon 76 receipt, buffalo milk was divided into three portions (4 L per portion). One portion was used to 77 produce an unhomogenised yoghurt sample and the other two portions of buffalo milk were 78 warmed to 60 o C before homogenisation at 80 bar or 160 bar using a single stage homogeniser 79 (GEA Panda Plus 1000, GEA Niro Soavi, Parma, Italy). Both the homogenised and 80 unhomogenised milk portions were then batch-pasteurised at 85 o C for 30 min using a water 81 bath (Qualtex, Watson Victor Ltd., Perth, Australia) and cooled to 40 o C for yoghurt production 82 following a procedure described previously (Nguyen et al., 2014b) . Briefly, the milk was 83 inoculated with 0.062 g L -1 freeze dried direct vat starter culture ABT-5 containing probiotic 84
Lactobacillus acidophilus La-5, Bifidobacterium lactis Bb-12 and Streptococcus thermophilus 85 (CHR-Hansen, Bayswater, Australia), distributed into plastic containers of either 50 mL or 100 86 mL in volume and incubated at 40 o C. Samples in containers 100 mL in volume were used for 87 textural and rheological analyses, while samples in containers 50 mL in volume were used for 88 Ryde, Australia). The syneresis was expressed as a percentage of the weight of the expelled 119 whey over the initial weight of a yoghurt sample. Three replicate samples for each treatment in 120 each trial were analysed at each time point during storage and two trials of yoghurt production 121 were carried out; the results presented are therefore the mean of six measurements. 122
Texture analysis 123
The gel firmness of yoghurt was analysed using a TA.XT-2 texture analyser (Stable 124
Microsystems, Godalming, UK) equipped with a 2 kg load cell and a 10 mm cylindrical probe as 125 described in Nguyen et al. (2014b) . Briefly, the texture analyser was set at a contact area of 1 126 mm 2 , a contact force of 5 g, an instrument speed of 1 mm s -1 and a compression distance of 20 127 mm. The maximum force during penetration was defined as the gel firmness. Three replicate 128 samples for each treatment in each trial were analysed at each time point during storage and two 129 trials of yoghurt production were carried out; the results presented are therefore the mean of six 130 measurements. 131
Rheological analysis 132
Rheological properties during fermentation and storage were analysed following methods 133 Instruments Ltd.). Three independent samples for each treatment in each trial were analysed at 156 each time point during storage and two trials of yoghurt production were carried out; these 157 results presented are therefore the mean of six measurements. 158
2.7
Microstructural analysis using confocal laser scanning microscopy and cryo 159 scanning electron microscopy 160
The CLSM analysis was carried out using an inverted confocal laser scanning microscope 161 (Leica TCS SP2; Leica Microsystems, Mannheim, Germany) as described in details in our 162 previous work (Nguyen et al., 2014b) . For CLSM observation, yoghurt and milk samples were 163 stained with Nile Red and Fast Green FCF (both supplied by Sigma-Aldrich, St. Louis, MO, 164 USA) for 30 min. CLSM observation was carried out in a dark room and the excitation/ 165 emission wavelength of Nile Red and Fast Green FCF were set at 488 nm/500-600 nm and 633 166 nm/650-710 nm respectively. For the milk analysis, the three dimensional (3D) images were 167 reconstructed from a series of two dimensional (2D) layers (38-63 stacks of 2D images in each 168 3D image) and the total number of fat globules in a 1 µm 3 sample volume was analysed using 169 image analysis software (Imaris, Bitplane, South Windsor, CT, USA) as previously described by 170
Ong, Dagastine, Kentish, and Gras (2012). The results were presented as the total number of fat 171 globules per 1 µL of milk (conversion factor of 1 µm 3 = 10 -9 µL). Three 3D images were 172 obtained for each milk treatment (in an additional trial) for the image analysis and the results 173 presented are the mean of three analyses. For the yoghurt analysis, the cryo-SEM analysis was 174 performed using a field emission scanning electron microscope (Quanta, Fei Company, 175
Hillsboro, OR, USA.), as previously described by Ong et al. (2011) . At least two CLSM and 176 cryo SEM images were taken for each yoghurt treatment in each trial. Two trials of yoghurt 177
were carried out and hence a minimum of four images were collected for each treatment. A 178 typical image is presented in each of the figures. 179
Microbiological analysis 180
The enumeration of bacteria during fermentation and storage were performed as previously 181 described (Nguyen et al., 2014b) . Two plates were selected for manual counting for each 182 treatment in each trial and two trials of yoghurt were carried out; the results presented are 183 therefore the mean of four counts. 184 185
Statistical analysis 186
Minitab software (V16, Minitab Inc., State College, PA, USA) was used for data analysis. The 187 difference between means was assessed by one way analysis of variance (ANOVA) and 188
Fisher's paired comparison using a significance level of P = 0.05. 189 in buffalo milk and a considerable increase in specific surface area (P < 0.05) ( Table 1) The size distribution of the fat globules was bimodal in all cases (Figure 1 ). In the 210 unhomogenised samples, the major peak was at 5.8 µm with a minor peak at 1.0 µm, 211 corresponding to 93% and 7% of the total volume of fat respectively. For milk homogenised at 212 80 bar, the main peak shifted to 2.2 µm (corresponding to 77% v/v) and the minor peak to 0. The efficiency of homogenisation, defined as the decrease in fat globule size, appears less for 234 buffalo milk fat globules examined here compared to bovine milk fat globules, as similar 235 pressures were reported by Walstra (1975) to reduce bovine fat globules to smaller diameters of 236 0.9 µm (50 bar) and 0.5 µm (150 bar) using a single stage homogeniser. When expressed as a 237 percentage reduction in size, however, the changes induced in the larger buffalo fat globules are 238 larger and the process more effective. 239
Results and discussion
The clusters of coalesced fat globules or "homogenisation clusters" observed in both 240 homogenised buffalo milk samples are thought to occur due to the instability of the 241 homogenised fat globules (Ogden, Walstra, & Morris, 1976; Walstra, 1975 ). Our observations 242 are similar to the findings of Doan (1929) , who investigated the cluster formation of samples 243 with different fat concentrations ranging from 4.2% to 16.1% by mixing cream with fresh 244 bovine milk followed by a single stage homogenisation at 240 bar. Samples containing 7.2% 245 bovine milk fat, similar to the fat content of buffalo milk, contained homogenisation clusters 246 while samples containing 4.2% bovine milk fat contained a well dispersed emulsion with little 247 clumping of fat. The larger specific surface area of the buffalo fat globules homogenised at 160 248 bar here (Table 1) The fermentation time, defined as the time for milk to reach pH 4.5, was slightly shorter (15 261 min) in homogenised buffalo milk samples (Figure 3a) . This may be due to the better 262 availability of nutrients released from the disrupted MFGM in homogenised samples, which can 263 promote the activity and metabolism of lactic acid bacteria. 264
Homogenisation led to a significant increase in storage modulus of buffalo yoghurt at the end of 265 fermentation (P < 0.05) (Figure 3b ). This result is consistent with previous studies for both acid 266 network with a lower storage modulus. In contrast, the protein coating on the surface of the 275 homogenised buffalo fat globules plays an active role as a structure promoter and takes part in 276 the network formation during fermentation, as has been observed for bovine milk acid gels 277 (Xiong & Kinsella, 1991) . This leads to a more cross-linked gel network resulting in an 278 increased storage modulus in homogenised samples. Previous reports for bovine milk suggest 279 that at least 40% of the surface area of the native membrane must be damaged and replaced by 280 proteins in order for the storage modulus to be significantly altered (Michalski et al., 2002) . The 281 data presented here suggest buffalo milk fat globules behave in a similar way. 282
Some differences were observed in the response of buffalo milk fat globules to different 283 homogenisation pressures compared to previous reports for bovine milk. Here the storage 284 modulus at the end of the fermentation increased by more than 80% for yoghurt homogenised at 285 80 bar compared to the control sample. While the storage modulus of buffalo yoghurt produced 286 from milk homogenised at 160 bar was higher than the control sample, it was lower than the 287 yoghurt produced from milk homogenised at 80 bar at the end of fermentation. The lower 288 storage modulus for buffalo yoghurt made from milk homogenised at an increased pressure is 289 different to reports for acid and rennet gels made from bovine milk (Michalski et al., 2002 ). The 290 difference in these responses is likely linked to the differences in the properties of buffalo milk 291 including the higher fat content and bigger fat globules. 292
Homogenisation of buffalo milk also led to a more stable yoghurt network that was less easily 293 deformed. The tan , which represents the ratio of the storage modulus (G') to the loss modulus 294 (G''), was lower for homogenised samples (Figure 3c ) but there was no significant difference (P 295 > 0.05) between samples treated with the two homogenisation pressures. 296
The effect of homogenisation on the syneresis of buffalo yoghurt 297
Homogenisation significantly reduced the level of syneresis observed for buffalo yoghurt (P < 298 0.05) ~ 6 fold, from 12 -14% (w/w) to 0.8 -2.1% (w/w) (Figure 4a ). No significant difference 299 was found in the syneresis of yoghurt samples treated at different homogenisation pressures (P > 300 0.05). Homogenisation at 80 bar is therefore sufficient to reduce whey separation in buffalo 301 yoghurt production. 302
The decrease in syneresis is possibly due to the reduction in the size of fat globules and 303 production of an interactive protein coating. This leads to the formation of a gel network with a 304 greater number of cross-links within homogenised samples. The protein absorbed to the surface 305 of homogenised milk fat globules can also immobilize water (Keogh & O'Kennedy, 1998), an 306 effect that could lead to a more hydrated product with less whey separation. 307
The results presented here indicate that homogenisation could be used in buffalo yoghurt 308 production to reduce whey separation, minimizing the need to fortify buffalo milk with milk 309 powder, stabilizer or emulsifiers. The level of syneresis observed is similar to that obtained for 310 bovine yoghurt fortified with milk powder in our previous work (1-2% w/w, Nguyen et al. for syneresis determination, the processing conditions and the raw materials used for yoghurt 314 production. Interestingly, syneresis has also been reduced in sheep yoghurt by milk 315 homogenisation. These findings suggest homogenisation could be applied to a wide range of 316 animal milk types for effective yoghurt production. 317
The effect of homogenisation on the gel firmness of buffalo yoghurt 318
Homogenisation significantly (P < 0.05) increased yoghurt gel firmness (Figure 4b) by 319 approximately 50%, consistent with previous studies using bovine milk (Lucey, 2004) , goat milk 320 (Abrahamsen & Holmen, 1981) and sheep milk (Muir & Tamime, 1993) . Interestingly, the gel 321 firmness of buffalo yoghurt produced from homogenised milk at both pressures in this study was 322 significantly higher than the gel firmness obtained for fortified and homogenised bovine yoghurt 323 in our previous work (Nguyen et al., 2014b) ; despite the similar total solids content of the two 324 milk preparations (16.7 ± 0.2 vs. 16.8 ± 0.1% w/w) and the slightly lower protein concentration 325 of the buffalo milk (3.8 ± 0.2 vs. 4.6 ± 0.3% w/w), suggesting that the fat content or strength of 326 the protein network are the contributing factors. 327
Our results highlight the different properties of buffalo and bovine yoghurt following milk 328 homogenisation. The gel firmness of yoghurt produced from buffalo milk homogenised at 160 329 bar was lower than for samples homogenised at 80 bar (P < 0.05) (Figure 4b ), consistent with 330 the lower storage modulus for these samples (Figure 3b ). This is different to results reported for 331 bovine yoghurt (Michalski et al., 2002) , where an increase in gel firmness was obtained with an 332 increase in homogenisation pressure. These differences likely arise from the different 333 composition, as discussed above. Interestingly, when bovine milk-based dessert products with a 334 high fat content similar to buffalo yoghurt were studied (6.5% fat vs. 7.2 ± 0.3% fat), a low 335 homogenisation pressure of 50 bar increased the gel firmness while a further increase in the 336 homogenisation pressure to 150 bar decreased the gel firmness (Sohrabvandi et al., 2013) . These 337 data indicate the importance of the fat content in determining the product properties. The firmness of yoghurt also depends on the pH (Walstra et al., 1999) . Yoghurt generally has a 356 higher gel firmness at a lower pH, with a preferred pH range of 4.1 and 4.6 (Walstra et al., 357 1999) . A further drop in pH can occur during the cold storage following fermentation, often 358 referred to as post acidification; pH was not monitored during storage in this study but could 359 contribute to the increase in gel firmness observed here and would be worthy of further study. 360
The effect of homogenisation on the rheological properties of buffalo yoghurt 361
Homogenisation appears effective at improving the texture and rheological properties of buffalo 362 yoghurt, as indicated by the significant decrease in the hysteresis area and consistency 363 coefficient and significant increase in the flow behaviour index (P < 0.05) (Figure 5 ). An 364 increase in homogenisation from 80 bar to 160 bar, however, did not have a significant effect (P 365 > 0.05) on each of these rheological properties. 366
The rheological flow curves that measure shear induced structural deformation differed between 367 control and homogenised yoghurt samples (see supplementary (Figures 6c-d) . 414
The protein network produced from homogenised milk shows thicker protein strands compared 415 to the unhomogenised samples, especially after 28 d of storage (Figures 6d and f vs. 6b) . The 416 thicker protein strands and the more interconnected gel networks observed in the microstructure 417 of homogenised buffalo yoghurt are consistent with the firmer gel and higher stability of this 418
yoghurt. 419
The CLSM images of the yoghurt microstructure confirm the presence of the smaller fat 420 globules in the homogenised yoghurt samples (Figures 7c and e) . The fat globules in the control 421 samples are large and located within the serum pores as inert fillers (Figures 7a-b) . In contrast, 422 the fat globules in the homogenised samples are better embedded within the protein network 423 (Figures 7c-e and d-f) . Clusters of fat globules could also be observed within the protein 424 aggregates in the microstructure of the homogenised samples (indicated by arrows in Figure 7) , 425 similar to observations of the homogenised milk (Figures 2d and f) . There was no obvious 426 difference, however, between the microstructure of the yoghurt samples produced from buffalo 427 milk homogenised at different pressures. This suggests that the bulk microstructure is not 428 responsible for the differences observed in storage modulus and gel firmness, although the 429 strength of binding between components in the microstructure may play a role. 
